Meta-analysis is increasingly appearing in the epidemiologic literature. Although originally performed in the context of experimental or randomized controlled study designs and with regard to problems that are amenable to these designs, the method has also been applied to studies in observational epidemiologic settings. This movement has generated considerable debate about the validity of meta-analysis in observational studies, which can be said to be rather shaky. Meta-analysis is also appearing in occupational epidemiology, and a recent application to studies of industrial cohorts exposed to organic solvents has illustrated many of the arguments against meta-analysis of observational study. The propensity of meta-analysis for disarming critical approaches to individual study methods such as the standardized morbidity or mortality ratio (SMR) as effect measure, and to application of commonly used biostatistical techniques is illustrated. A cautionary note is sounded.
INTRODUCTION
A debate on meta-analysis of observational studies was recently published in the American Journal of Epidemiology l ' 4 and included contributions from principal proponents and antagonists of meta-analysis applied to observational studies. Meta-analysis has been defined as the statistical analysis of a large collection of analysis results from individual studies for the purpose of integrating the findings. 5 Given the increasing popularity of systematic review and meta-analytic methods in the general health literature and the growth, of evidence-based medicine, it could have been anticipated that it would be only a matter of time before meta-analysis was applied to occupational health research. Its main application has been in the area of estimating effects of low magnitude from several studies which individually have insufficient power to yield stable point estimates or sufficiently precise interval estimates (i.e., confidence intervals that do not include 1). A recent series of articles 6 ' 7 in Occupational Medicine has performed a meta-analysis of standardized mortality ratios from a number of occupational cohorts exposed to solvents, and gone on to explore determinants of the healthy worker effect (HWE) observed in individual studies and in the meta-analyzed SMR. In doing so, the SMRs from each individual study were related to other putative predictor variables of the HWE by means of multiple regression. These articles serve to illustrate some of the major pitfalls of meta-analysis when applied to observational data.
Meta-analysis is not common in occupational health research, perhaps reflecting the paucity of randomized controlled design studies, which constitute a more appropriate domain for meta-analytic activity. When applied to randomized controlled studies, metaanalytic methods intended to combine effect estimates do not have to contend with one of the main problems of observational epidemiology -bias, notably that due to confounding. Presumptively unconfounded effect estimates are then notionally more easily comparable and thus more amenable to statistical combination. Nevertheless, even in the setting of randomized controlled studies, there are potential pitfalls in conducting meta-analysis. Issues such as publication bias, the quality of the pooled studies and differences in populations may result in misleading meta-analytic summaries.
100 Occup. Med. Vol. 48, 1998 Such problems, while important, have been discussed elsewhere in the literature 1 
"
4 and are not the major focus of our paper. Shapiro 1 has put the problem succinctly: meta-analysis of observational studies lacks validity because of the existence of biases of different type, degree and direction -all of which are unknown for each study -and which may be substantially different or identical for any or all studies. Perversely, in precisely the case where relative risks are low and power weakest, metaanalyses are most attractive. However, the existence of unknown biases vitiates comparison between, and statistical combination of, study effect estimates.
The basic point is that observational studies may be 'apples and oranges' when it comes to effect estimates. Different designs (cohort and case-control) may be used, different definitions and key variables employed, different patterns of confounding and effect modification may occur, while selection and information biases are also typically different.
Meta-analyses of observational data also tend to ignore exposure differences. In experimental studies, where meta-analysis may be more appropriate, the effect estimates that are combined usually represent an effect per unit dose. In observational studies, it is not uncommon to see investigators attempting to combine SMRs from occupational (high exposure) and environmental (low exposure, e.g., drinking water) studies where exposures may differ by several orders of magnitude.
The specific problem with meta-analysis in this setting is that its use may result in false confidence consequent on increasing the number of data points, which are not strictly speaking combinable, leading to a seeming increase in precision of the effect estimate. This is particularly a problem where the combined effect point estimate is small (near unity).
If, in addition, different effect measures are used in the studies on which the meta-analysis is based, another level of non-comparability is introduced. Two different methods of standardizing effect measures are typically used. Direct standardization of incidence or mortality rates yields the standardized rate ratio (SRR), while indirect standardization yields the standardized morbidity or mortality ratio (SMR).
In obtaining a single summary standardized mortality/morbidity rate for a population of interest, a set of category-specific rates are combined. In direct standardization, a single standardized rate is obtained for each population by calculating a weighted average of the population's category-specific rates, with weights proportional to the frequency of each category in some standard or reference population.
So, in the direct method, the weights from the standard population are used to weight category-specific rates in an index population, yielding a weighted average which is the standardized rate in each index population. The relative comparison between two standardized rates in two index populations is the SRR.
With indirect standardization, an expected number of cases is generated for the index population by weighting the category-specific rates from a reference population with the category-specific distribution of the index population. A relative comparison is then made with the observed number in the index population to yield the SMR. In this case the index population is effectively the standard population. A second index population with a different population distribution would therefore provide a different standard and the two SMRs are hence not comparable with each other as they are in the case of the SRR.
In the solvent meta-analysis 6 ' 7 mentioned above, effect estimates that have been directly standardized yielding SRRs with reference to standard rates from disparate reference populations (a different reference for each study) seem to have been pooled in further analysis with SMRs which are indirectly standardized effect estimates. Non-comparability introduced by such lumping of effect estimates renders the results of pooled analysis uninterpretable.
In the solvent meta-analysis 6 a published method for statistically calculating a combined SMR and its confidence intervals is used. 8 Yet the SMR as an effect estimate is itself inherently non-comparable across individual studies. This non-comparability is quite independent of considerations of bias. This constitutes our most fundamental objection to the application of meta-analysis to typical occupational (observational) epidemiologic studies where the effect measure is the SMR. There is a well-established tradition in the occupational health literature of ignoring the inherent non-comparability of SMRs. This operates in two dimensions: (1) across different studies and (2) across different exposure categories within the same study as when attempting to estimate an exposure-response relationship.
This issue is discussed, e.g., in some detail in Rothman's text, 9 where he states: 'Comparing SMRs amounts to comparing measures with different standards and is therefore invalid'. As outlined above the standardized mortality ratio can be shown to be the ratio of two standardized rates that have been standardized to the exposed population and so SMRs from different studies will reflect different standards (each SMR is a comparison with respect to its own exposed population) and hence the comparability of SMRs across studies is questionable at best. In calculating the SMR, the age distribution in the cohort is used to standardize the age-specific rates in the general population. Hence the cohort is the 'standardizing or reference population'. With the SRR, however, the age-specific rates in the cohort are standardized by the age distribution of the general population which is then the standardizing or reference population. Table 1 , which is based on simulated data, illustrates directly and indirectly standardized effect estimates which are typical in occupational epidemiology where an HWE is present. Results from 10 hypothetical studies are to be combined, each of which has been compared to a common general population. The existence of a common general reference population tends to make the directly standardized rate ratios more consistent and therefore more comparable than the component studies of the solvent meta-analysis referred to above, where each of 55 studies used different reference populations. In this example for direct standardization (SRRs) there is only one reference population, while for indirect standardization (SMRs) there are 10. There is thus a consistent setting only for the SRRs across cohorts as they are all calculated relative to the same common standard, viz. the general population.
It is clear, however, that one would come to quite different conclusions on pooling these cohorts, if the focus is the SMR as opposed to the SRR. For illustrative purposes, this example has been constructed so that the SRR is constant across cohorts. However, Figure 1 shows a plot of SMR versus follow-up time for each of the studies. One observes a positive association which might, then, in this context lead to the conclusion that the HWE diminishes with increased follow-up time (which is counter-intuitive). The correlation between SMR and follow-up time here is 0.72 with an associated p-value of 0.04, yet clearly when the standardization is carried out correctly (directly) for purposes of comparison across studies, there is no association at all. Incautious lumping of studies in the meta-analysis has led to a spurious association between the outcome of interest, the HWE and a proposed predictor.
In summary, we would argue that caution needs to be exercised in the application of meta-analytic statistical analyses in the context of occupational health observational studies. The cited articles 6 ' 7 serve to illustrate very concretely some of the principal hazards of meta-analysis.
